WalRK is an essential two-component signal transduction system that plays a central role in coordinating cell wall synthesis and cell growth in Bacillus subtilis. However, the physiological role of WalRK and its essentiality for growth have not been elucidated. We investigated the behaviour of WalRK during heat stress and its essentiality for cell proliferation. We determined that the inactivation of the walHI genes which encode the negative modulator of WalK, resulted in growth defects and eventual cell lysis at high temperatures. Screening of suppressor mutations revealed that the inactivation of LytE, an DL-endopeptidase, restored the growth of the DwalHI mutant at high temperatures. Suppressor mutations that reduced heat induction arising from the walRK regulon were also mapped to the walK ORF. Therefore, we hypothesized that overactivation of LytE affects the phenotype of the DwalHI mutant. This hypothesis was corroborated by the overexpression of the negative regulator of LytE, IseA and PdaC, which rescued the growth of the DwalHI mutant at high temperatures. Elucidating the cause of the temperature sensitivity of the DwalHI mutant could explain the essentiality of WalRK. We proved that the constitutive expression of lytE or cwlO using a synthetic promoter uncouples these expressions from WalRK, and renders WalRK nonessential in the pdaC and iseA mutant backgrounds. We propose that the essentiality of WalRK is derived from the coordination of cell wall metabolism with cell growth by regulating DL-endopeptidase activity under various growth conditions.
INTRODUCTION
The cell walls of Gram-positive bacteria comprise approximately equal amounts of peptidoglycan and teichoic acid. They form macromolecular mesh-type saccules that determine the cell shape and protect the bacterium from environmental stresses such as internal osmotic pressure. Enlargement of the sacculus is complicated because it requires insertion of new material into the existing structure without compromising cell wall integrity [1] . The cell wall is a dynamic structure that is continuously remodelled by synthesis and turnover, which are effected by cleavage via peptidoglycan hydrolases (autolysins), and elongation and/or peptide crosslinking reactions via penicillin-binding proteins. Bacillus subtilis have more than 35 murolytic enzymes and 16 penicillin-binding proteins which were involved in most redundant activities of the peptidoglycan synthetic complex [2] [3] [4] [5] . These redundancies might stem from the requirement to balance synthesis with turnover in a manner that maintains adequate cell growth while avoiding cell lysis.
The WalRK system (synonyms for YycFG), is a member of the EnvZ/OmpR two-component signal transduction system (TCS) family, and appears to be specific to low G+C Grampositive bacteria. WalRK is the only essential TCS among 34 TCSs encoded in the B. subtilis genome, and plays a central role in coordinating peptidoglycan synthesis with cell growth [6] . As shown in Fig. 2(b) , WalK is a membrane-linked histidine kinase with two transmembrane sections, an extracytoplasmic domain predicted to adopt a PAS (PER-ARNT-SIM sensor) like fold, a cytoplasmic HAMP (histidine kinases, adenylyl cyclases, methyl-binding proteins) domain, PAS domains, a PAC (PAS-associated C terminal) domain, the catalytic core of HisKA (the dimerization and phosphoacceptor domain of histidine kinases), and a HATPase (histidine kinase-like ATPase) domain. Both the extracytoplasmic and cytoplasmic PAS domains may serve as signal sensors. WalR is a member of the OmpR/PhoB family of response regulators, with a signature winged helix-turn-helix DNA-binding Trans_reg_c domain [7, 8] . WalRK activates the expression of autolysins (YocH, CwlO, LytE) while repressing modulators of autolysin activity (IseA, PdaC) [9] [10] [11] . Depletion of walRK results in the formation of chains of cells with empty sections: so-called ghost cells, which are probably a result of cell lysis [12, 13] . Interestingly, WalK kinase localizes at the septum through association with the division architecture, and the formation of a proper septum has a positive effect on its activity [11, 14] . Thus, the sensor kinase appears capable of effectively tuning the level of cellular autolysin activity to coordinate the rate of growth with cell division. It has been suggested that the signal for WalRK could involve the PG precursor lipid II or the process of its incorporation into PG [10] . Although WalK has two PAS domains, which are generally involved in sensing signals such as oxygen, light, redox potential, or the presence of specific ligands [15] , their role in WalK kinases remains unclear. Szurmant et al. [16, 17] reported that two auxiliary membrane proteins, WalH and WalI, directly interact with and negatively modulate the activity of the WalK kinase, and predicted that an unidentified signal recognition process may influence kinase function by subtle alterations in the structure of a WalH-WalK-WalI complex. Consistent with this prediction, disruption of walH or walI led to the upregulation of a WalR-regulated promoter [16] .
As described above, a number of autolysins are thought to be involved in peptidoglycan disassembly; however, only two D, L-endopeptidases (LytE and CwlO) are involved in cell proliferation because disruption of both lytE and cwlO in B. subtilis leads to synthetic lethality and impaired cell elongation [10, 18] . CwlO expression is absolutely dependent on WalRK [10] . The lytE gene has both SigA and SigI promoters whose activity is regulated by the WalRK TCS and the sigma factor/anti-sigma factor regulatory systems SigI/RsgI, respectively [10, 19] . Furthermore, a sigI deletion together with a cwlO mutant was found to be synthetically lethal, and this lethality could be suppressed by ectopic expression of lytE, suggesting that SigI-directed expression of lytE is required for viability in the absence of cwlO [20] .
The reason for WalRK essentiality has been established unambiguously in Streptococcus pneumonia [21] and in Staphylococcus aureus [22] . Ng et al. showed that the essential nature of WalRK (VicRK) in S. pneumonia derives from its activation of pcsB, a gene that encodes essential murein hydrolase, suggesting that the constitutive expression of pcsB suppresses the requirement for the WalRK orthologue VicRK. However, in B. subtilis, an attempt to delete the walRK genes from a strain constitutively expressing both cwlO and lytE was not successful [10] . Therefore, the WalRK-controlled expression of cwlO and lytE is not the only reason for the essentiality of this TCS.
In the present study, we performed a series of experiments to further investigate the essential role of WalRK and the relationship between WalRK and WalHI in B. subtilis. We provided evidence that WalK kinase is activated by heat stress, leading to induction of the WalRK regulon. Two PAS domains located in the extracytoplasmic and intracellular regions might coordinately maintain heat activation in WalK. This activation is accelerated in the DwalHI mutant. The DwalHI mutant presented a temperature-sensitive phenotype, resulting in morphological defects. Genetic analysis demonstrated that repressing the activity of LytE rescued the defective growth and morphology of the DwalHI mutant. Therefore, we propose that at high temperatures, WalHI plays a crucial role in tuning WalK kinase activity, thereby regulating LytE activity. Finally, we revealed that the bypass of walRK essentiality by the constitutive expression of D, L-endopeptidases (cwlO and lytE) required deletion(s) of its negative regulator mutants (iseA and pdaC). Our results shed light on a new aspect of walRK essentiality in B. subtilis.
METHODS
Strains, plasmids, primers and growth media The B. subtilis strains used in this study are listed in Table S1 (available in the online version of this article). The procedures used to construct mutant strains are described in Methods of the supplemental material. Plasmids and primers used in the present study are listed in Tables S2 and  S3 , respectively. The Escherichia coli strain DH5a was used for plasmid construction. All bacterial strains were grown in Luria-Bertani (LB) medium at the indicated temperature. Antibiotics were used at the following concentrations: erythromycin, 1 µg ml À1 ; chloramphenicol, 5 µg ml
À1
; tetracycline, 15 µg ml À1 ; and spectinomycin, 100 µg ml
.
Quantitative real time PCR
To compare gene expression, wild-type strain and DwalHI mutant strain (NHT6) were grown on LB medium at 30 C and harvested at mid-exponential growth phase (OD 600 =0.5). Total RNA was isolated using RNeasy Mini Kit (QIA-GEN) with on-column DNase treatment. Total RNA (0.2 µg) was retro-transcribed using PrimeScript Reverse Transcriptase (TAKARA). cDNA samples (0.2 µg µl À1 ) were diluted 1 : 10. Two microlitres of cDNA were added to 10 µl of TB Green Premix Ex Taq II (TAKARA), 0.4 µl of ROX Reference Dye (TAKARA), 0.8 µl of each specific primer (5 µM stock, yocH: 5¢-CCACGACTGGGCAATA-TAC-3¢/5¢-CAGCATAGATCATGTCAGAGC-3¢, cwlO: 5¢-GGCGCTTGATACAAGCAAC-3¢/5¢-CGATGCGTGCTT-CAGTTTC-3¢, lytE: 5¢-GGCGCTTGATACAAGCAAC-3¢/ 5¢-CTTGTAGATTTGCCGTTAATCG-3¢, iseA: 5¢-CATG TGCAGTGATCTAGGC-3¢/5¢-ACCGATTGGAACAGCA AG-3¢ pdaC: 5¢-GCAGTTGTATGTGTGGTG-3¢/5¢-CGTT GCGATCTCAACATTC-3¢ and dnaN: 5¢-GAATTCCTT-CAGGCCATTGA-3'¢5¢-GATTTCTGGCGAATTGGAAG-3¢), and 6 µl of H 2 O. Quantitative PCR (qPCR) was performed on a StepOnePlusreal-time PCR system (Thermo Fisher) following the manufacturer's instructions. Threshold values were determined using the relative standard curve method. Measurements are normalized using the internal control (dnaN gene) and relative fold-changes between wild-type sample and DwalHI mutant sample were plotted. Expression levels were the average of three biological replicates.
b-galactosidase activity assays To monitor thermostable b-galactosidase activity, cells were grown in LB medium, and aliquots of 0.2-1 ml were collected at the indicated times as described previously, except that the samples were incubated at 55 C [23] . One unit of BgaB activity was expressed as 1000ÂOD 420 /OD 600 ml
Fluorescence microscopy Samples of living cells were examined on a thin film of 1 % agarose for phase-contrast and fluorescence microscopy. The membranes were stained with FM4-64 (Molecular Probes, Eugene, OR, USA). Images were acquired on an Olympus BX-71 system equipped with a DP71 digital camera and DP Controller software (Olympus, Tokyo, Japan).
Genome sequencing and identification of mutations Whole-genome sequencing was performed using an Illumina GAII Sequencing System (Illumina, San Diego, CA, USA), as described previously [24, 25] . Base calling of the raw sequencing data was performed using Illumina software. Sequence reads from each DNA fragment were mapped to the complete genome of the reference strain B. subtilis 168 (GenBank AL009126).
In vivo autophosphorylation assay Overnight cultures of B. subtilis strain 168 transformed with pBsG-full were grown at 30 C in LB medium supplemented with chloramphenicol and 100 µM IPTG until the OD 660 reached 0.3, then the temperature was increased to 42 C at time 0. At the indicated times, cells from a 2 ml aliquot of the culture were then collected by centrifugation (2300 g, 10 min, 4 C) and suspended in 200 µl of lysis buffer (100 mM NaCl, 50 mM Tris-HCl, pH 8.0). The cells were then disrupted using a Multi-beads shocker (Yasui Kikai, Osaka, Japan) at 2500 r.p.m. (60 s on; 60 s off; six repeated cycles). Subsequently, the supernatant sample was mixed with 5ÂSDS sample buffer and electrophoresed at 4 C with a constant current of 20 mA on a 50 µM Phos-tag SDS-polyacrylamide gel (6 % acrylamide, 100 µM MnCl 2 ) for 150 min. After electrophoresis, the gel was soaked three times (10 min each time) in 10 mM EDTA/Blotting buffer C (0.302 % (w/v) Tris, 20 % (v/v) methanol) to remove Mn 2+ , and then soaked in Blotting buffer C for 10 min prior to Western blotting analysis. WalK was detected using a polyclonal anti-WalK antibody (a gift from R. Utsumi).
Western blotting Samples were prepared as described previously [26] . Briefly, the harvested cells were resuspended in 50 mM Tris (pH 8.0), 1 mM EDTA, 2 mg ml À1 lysozyme, and 1 tabletÁ10 ml À1 of complete Mini EDTA-free Protease Inhibitor Cocktail (Roche). The cells were incubated at 37 C for 20 min and lysed with SDS. The cell lysates were normalized by OD 600 at cell harvest and subjected to SDS-PAGE. WalK was detected using the polyclonal anti-WalK antibody. WalR was detected using the polyclonal anti-WalR antibody. SigA was detected using the polyclonal anti-SigA antibody (a gift from F. Kawamura).
Autolysis assay
Cells were grown in LB medium (with 1 mM IPTG if needed) under shaking conditions to the exponential phase. Cells were harvested by centrifugation as described and then resuspended in PBS to an OD 600 of 2. An equal volume of PBS containing 0.05 % Triton X-100 was then added. The OD 600 was monitored every 10 min for 90 min. The OD 600 at each time point was plotted as a percentage of the initial OD 600 .
RESULTS
Effect of walHI mutation on the heat activation of WalRK As previously reported, the WalRK regulon might be triggered by the upregulation of walRK expression at high temperatures [27] . To re-examine this phenomenon, we investigated the effect of heat stress on the expression of bgaB (which encodes a thermostable b-galactosidase) linked to the promoter of three transcription units (yocH, cwlO and lytE) that are known to be under the direct positive control of WalRK. Consistent with previous studies, P yocHbgaB, P cwlO -bgaB and P lytE -bgaB were expressed after increasing the temperature to 49 C (Fig. 1a) , while the increasing of P yocH -bgaB expression was modest and that of P lytE -bgaB was not inducted at 0.5 h after increasing the temperature to 49 C. However, the amount of cellular WalK and WalR did not change before or after increasing the temperature to 49 C, as shown by Western blotting analysis (Fig. 1e) . By using Phostag SDS-PAGE analysis as previously reported [28] , we determined that the ratio of WalK auto-phosphorylation increased during mild heat stress at T60 after heat stress (Fig. 1f) , indicating that heat induction of the WalRK regulon might result in the activation of WalK in our experiment.
Although it has been reported that WalH and WalI are negative regulators of WalK [16, 17] , their physiological roles remain unclear. To understand the role of WalHI, we constructed a marker-less DwalHI mutant and observed its effect on the heat induction of the WalRK regulon. Consistent with previous reports [16] , at 30 C (Fig. 1a ) the expression level of the WalRK regulon modestly increased compared with that in the wild-type (P yocH : 2.04-fold, P cwlO : 1.39-fold, P lytE : 1.42-fold). Using qPCR, we confirmed that yocH, cwlO and lytE expression were increased (Fig.  S3) . Moreover, 1.5 h after increasing the temperature to 49 C, the heat-induced expression of P yocH -bgaB and P cwlO -bgaB increased markedly compared with that in the wildtype (P yocH : 7.53-fold induction, P cwlO : 2.15-fold induction), whereas P lytE -bgaB expression was induced more rapidly but did not increase (P lytE : 1.09-fold induction). We found that the DwalHI mutant exhibited a growth defect compared with the wild-type after increasing the temperature to 49 C (Fig. 1b) . By spot dilution analysis, we confirmed that the DwalHI mutant suffered a complete loss of viability at 49 C (Fig. 1c) . To examine the effect of the DwalHI mutation, we observed cell morphology over time by fluorescence microscopy. Then 2 h after increasing the temperature to 49 C (T2), a chaining and bulging cell pole phenotype was observed in the DwalHI mutant, as indicated by the arrows in Fig. 1(d) . These results suggest Fig. 1 . Heat activation of WalK and the effect of walHI mutation on its activation. (a) Expression levels of yocH, cwlO and lytE in the wild-type and the DwalHI mutant. The NHT1 (P yocH -bgaB), NHT2 (P cwlO -bgaB), NHT3 (P lytE -bgaB), NHT7 (P yocH -bgaB DwalHI), NHT8 (P cwlObgaB DwalHI) and NHT9 (P lytE -bgaB DwalHI) strains were grown at 30 C in LB medium to an OD 600 of 0.2, then the temperature was increased to 49 C at time 0. The cells were then grown for various times as indicated before collection of aliquots of each fraction for assays. White bars: BgaB activity in cells grown at 30 C without heat stress; black bars: heat-stressed cells. Each value is the same ±SD of three determinations. (b) Growth profiles of wild-type 168 (closed circles) and NHT6 (DwalHI, open circles) strains. These strains were grown at 30 C for 1 h in LB medium before the temperature was increased to 49 C. Growth was monitored by OD 600 measurement. (c) Colony viabilities of wild-type and NHT6 (DwalHI) strains. Each cell was grown to the mid-log phase at 30 C and serially diluted (10-fold steps). Then, 10 µL of each dilution was spotted onto LB plates. These plates were incubated for 18 h at 30 or at 49 C and photographed. (d) Morphological phenotype of indicated strains. Wild-type and NHT6 (DwalHI) strains were grown at 30 C in LB medium to an OD 600 of 0.2, then the temperature was increased to 49 C at time 0. For observation, each cell was collected for analysis at 0 (T0) and 2 h (T2) after the temperature was increased to 49 C. Membranes were stained with FM4-64. Scale bars indicate 5 µm. Arrowheads indicate swelled morphology. (e) Quantitative immunoblot analysis of WalK and WalR in the wild-type. The wild-type was grown at 30 C in LB medium to an OD 600 of 0.2, then the temperature was increased to 49 C at time 0. Cells were then grown for various times as indicated before collection of aliquots of each fraction for quantitative immunoblot analysis. Time (in hours) after the increase to 49 C is indicated. WalK and WalR proteins were detected using anti-WalK and anti-WalR antibodies. The cellular amount of SigA as a control for loading was also analysed using anti-SigA antibodies. Results displayed in the bar graphs are quantitative analytic data from three independent experiments and are presented as the mean±SD values of three determinations. For the quantitative analysis, each blot was normalized to the internal control, SigA. (f) Detection of phosphorylated WalK. The wild-type strain carrying pBsG-full was grown at 30 C in LB medium with 0.1 mM IPTG (to induce WalK expression) to an OD 600 of 0.2, then the temperature was increased to 42 C at time 0. Cells were then grown for various times as indicated before collection of aliquots of each fraction. The cells were disrupted and analysed by Phos-tag SDS-PAGE and Western blotting. Results displayed in the bar graphs are quantitative analytic data from three independent experiments and are presented as the mean±SD values. To quantify the relative proportion of phosphorylated WalK, phosphorylated WalK was normalized to the total quantity of WalK (phosphorylated and non-phosphorylated forms) by analysing the PhosTag gel. P-WalK=phosphorylated WalK.
that cell wall synthesis is affected in the DwalHI mutant at high temperatures.
Mapping suppressor mutations in the lytE and walK ORF To understand the molecular basis for the growth impairment and morphological defect caused by inactivation of WalHI, we attempted to identify the suppressor in the DwalHI mutant that causes the loss of temperature sensitivity when grown on plates at 49 C. As shown in Fig. 2  (a) , spontaneous suppressor mutants produced two colonies with different appearances (DwalHI sup1; small colony indicated by the circle, DwalHI sup2; large colony indicated by the dotted circle). Isolated suppressor mutants exhibited viability and growth similar to those of the wild-type at 49 C (Figs 2c, and S2). Moreover, cell morphological defects (bulging cell pole phenotype) were not observed ( Fig. S4 ). To identify the suppressor mutations, differences in sequence (SNP/indel mutations) between the DwalHI mutant, the DwalHI mutant sup1 or DwalHI mutant sup2, and the B. subtilis 168 reference genome (accession no. NC_000964.3) were detected by whole-genome sequencing. When detected, sequence differences in the suppressor mutants were compared with those of the parental strain (DwalHI mutant). We identified a point mutation in lytE (DwalHI sup1 mutant, small colony) or walK (DwalHI sup2 mutant, large colony). It should be noted that no other changes in the genome were detected in the suppressor mutants.
The lytE mutation was a nonsense mutation in the 125th codon, Q125STOP (CAA codon to TAA), resulting in LytE dysfunction (Fig. 2b) . As expected, a double deletion DwalHI DlytE mutant grew well at 49 C in liquid medium (Fig. S2) , and its viability on the plate was restored (Fig. S1 ). Fluorescence microscopy revealed no bulging cell pole phenotype (Fig. S4a) . To determine whether the effects described above were specific to the DlytE mutation, we examined the effects of a mutation affecting CwlO, which has an overlapping function with LytE [10, 18] and the inactivation of FtsEX, an ABC transporter required for CwlO activity [29, 30] . A double deletion DcwlO DwalHI mutant and DftsEX DwalHI mutant exhibited growth defects and a bulging cell pole phenotype similar to those observed in the DwalHI mutant (Figs S2 and S4b). These results suggest that LytE activity is involved in the lethality of DwalHI mutations at high temperatures.
The walK mutation was a single amino acid substitution (S438L; TCG to TTG). S438 is located in the catalytic core of the HisKA domain (the dimerization and phosphoacceptor domain of histidine kinases) (Fig. 2b) , indicating that this mutation reduces the kinase activity of WalK. To investigate this possibility, the effect of the suppressor mutation on the heat activation of WalRK was determined, based on the expression of the WalRK-dependent reporter construct P yocH -bgaB. As shown in Fig. 2(d) , the heat induction of P yocH -bgaB expression was reduced in the DwalHI sup2 mutant compared with that in the DwalHI mutant (4.86-fold reduction), whereas it was not reduced in the DwalHI sup1 mutant (1.6-fold induction). To further investigate the suppressor mutation mapped in the walK ORF, we again selected suppressor mutants that formed large colonies and reduced the induction of P yocH -bgaB expression at 49 C (Fig. 2d) . Using Sanger sequencing analysis, we mapped all the suppressor mutations in the walK ORF (Fig. 2b) , and found that WalK activity is involved in the lethality of DwalHI mutations at high temperatures. Extracytoplasmic PAS is non-essential, but involved in the activation of WalK Except for the DwalHI sup4 and sup6 mutants, the suppressor mutants of the WalK protein accumulated to levels between 1.18-and 1.83-fold changes of those of the wildtype (Fig. 2e) . Interestingly, the suppressor mutation of sup4 and sup6 was a nonsense mutation in the 214th codon, QR215STOP (AAG codon to TAG). As shown in Fig. 2(f) , we found an SD-like sequence (AGCAGG) located upstream of a potential initiation codon (218Met). The short distance between the SD sequence and 218Met could be the cause of the low concentration of truncated WalK, which was undetectable (Fig. 2e) . The walK truncated mutant (walK D2-203 ), which lacks the extracytoplasmic and transmembrane domains, was viable [14] . Therefore, we constructed a walK D2-205 truncated mutant with a synthetic consensus SD sequence to increase its expression to a detectable level. The expression of the truncated WalK D2-205 protein was confirmed, although it was expressed at much lower levels than intact WalK (Fig. 3a) . As shown in a previous report [14] , truncated walK mutants (DwalHI sup4, sup6 and walK D2-205 ) exhibited growth defects in the transient phase (Fig. S5 ). We introduced a walK D2-205 truncated mutation into the DwalHI mutant to investigate its effect on temperature sensitivity. The morphological defect (Fig. S4a ) and temperature sensitivity (Figs 3b, S1 and S2) were suppressed, as in the other suppressor mutants.
We observed heat induction of P yocH -bgaB (Fig. 3c ) and P lytE -bgaB (Fig. 3d ) expression in the walK D2-205 truncated mutant, indicating that extracytoplasmic PAS might not be essential for the heat activation of WalK. Another suppressor mutation, the DwalHI sup3 mutant, resulted from a single amino acid substitution (K86T; AAA to ACA). As shown in Fig. 2(b) , K86 is located in an extracytoplasmic domain (residues 37-177) predicted to adopt a PAS-like fold [17] . In this mutant, heat induction of P yocH -bgaB expression was repressed compared with that in the DwalHI mutant (10.0-fold reduction), indicating that the extracytoplasmic domain is non-essential for, but involved in, the heat activation of WalK (Fig. 2d) .
Combined regulation of lytE expression by the WalRK WalHI and SigI RsgI regulatory system Next, we focused on SigI, an alternative sigma factor that is a WalRK regulon and a regulator of lytE expression [20] . As expected, inactivation of SigI rescued growth (Fig. S2) and viability on the plate (Fig. S1) , as well as the morphological defect in the DwalHI mutant (Fig. S4b) . Consistent with previous reports [19] , in the DsigI mutant, the heat induction of P lytE -bgaB expression was repressed, whereas that of P yocHbgaB and P cwlO -bgaB expression was not (Fig. S6a) . We observed the same results in the DwalHI DsigI double mutant (Fig. S6b) . These results suggest that the heat induction of lytE by SigI is involved in the lethality of DwalHI mutations at high temperature. In turn, the heat induction of P sigI -bgaB expression was dependent on WalRK but was not accelerated by DwalHI mutation (Fig. S7) , indicating that the phenotype of the DwalHI mutant did not result from increasing the heat induction of sigI expression. In addition, inactivation of RsgI, an anti-sigma factor of SigI, did not accelerate the heat induction of the expression of lytE and other WalRK regulons (Fig. S6c) , indicating that activation of SigI might not merely need heat induction of these genes. On the other hand, the heat induction of P yocHbgaB and P lytE -bgaB expression was dependent on WalRK (Fig. S8a) by using a walRH215P temperature-sensitive mutant where the mutation was located in a putative DNAbinding domain [12] . These results indicated that the heat induction of lytE expression might be required for the activation of both WalRK and SigI.
Heat induction of lytE expression is not the only lethal characteristic of DwalHI mutation Whilst constructing truncated walK mutants (Fig. 3e) , we found that walk D2-34 and walk D2-167 mutants exhibited NHT10 (P yocH -bgaB DwalHI sup1) (P yocH -bgaB DwalHI sup2), NHT12 (P yocH -bgaB DwalHI sup3), NHT13 (P yocH -bgaB DwalHI sup4), NHT14 (P yocH -bgaB DwalHI sup5), NHT15 (P yocH -bgaB DwalHI sup6) and NHT16 (P yocH -bgaB DwalHI sup7) strains were grown to the mid-log phase at 30 C and serially diluted (10-fold steps). Then, 10 µl of each dilution was spotted onto LB plates. These plates were incubated for 15 h at 30 C or at 49 C and photographed. (d) Expression level of yocH in the suppressor mutants of DwalHI. NHT1 (P yocH -bgaB), NHT7, NHT10, NHT11, NHT12, NHT13, NHT14, NHT15 and NHT16 strains were used for the BgaB assay. The subsequent experiment was performed as described in Fig. 1(a) . White bars: BgaB activity of grown cells before heat shock; black bars: at 49 C for 1.5 h. Each value is the same ±SD of three determinations. (e) Immunoblot analysis of WalK. Wild-type, strains NHT6, NHT10, NHT11, NHT12, NHT13, NHT14, NHT15 and NHT16 were grown at 37 C in LB medium to an OD 600 of 0.5 and collected for analysis. WalK protein was detected using anti-WalK and anti-WalR antibodies. The cellular amount of SigA as a control for loading was also analysed with anti-SigA antibodies. (f) Location, sequence context and nucleotide base changes in walK that resulted in the generation of the nonsense mutation R214STOP. The underlined letters indicate a putative SD sequence.
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On: Thu, 30 May 2019 08:48:57 temperature sensitivity at 49 C (Fig. 3b) and approximately 2.5-fold induction of P yocH -bgaB expression compared with that of the DwalHI mutant (Fig. 3c) . The expression of each truncated protein was confirmed (Fig. 3a) . Moreover, we found that these mutants exhibited more severe cell chaining and bulging phenotypes compared with that of the DwalHI mutant (Fig. S4c) . As expected, the inactivation of either SigI or LytE partially or fully rescued viability on the plate (Fig. 3b) and the morphological defect (Fig. S4c) . However, the heat induction of P lytE -bgaB expression was the same as that in the DwalHI mutant (Fig. 3d) .
Next, to investigate the effect of lytE overexpression on growth at high temperatures, we placed lytE under the control of the IPTG-induction promoter (P hy-spank ) at the amyE locus. As shown in Fig. S9(a) , 2 h after the increase in temperature to 49 C (T2), we observed a bulging cell pole phenotype similar to that observed in the DwalHI mutant in the presence of IPTG (Fig. S9a) . However, the growth defect was transient (Fig. S9b) . At T4, the morphological cell defects were partially repressed (Fig. S9a) , consistent with the observation that overexpression of lytE did not affect the viability at 49 C (Fig. S9c) . These results indicated that heat induction of lytE expression might not be the only factor that affects the lethality of DwalHI mutations.
Upregulation of LytE activity is another aspect of the lethality of DwalHI mutation The results described above indicate that there may be other factors within the WalRK regulon that influence the C and serially diluted (10-fold steps). Then, 10 µl of each dilution was spotted onto LB plates. These plates were incubated for 15 h at 30 C or at 49 C and photographed. (c) Expression level of yocH in walK-truncated mutants. NHT7 (P yocH -bgaB DwalHI), NHT45 (P yocH -bgaB walK D2-34 ), NHT47 (P yocH -bgaB walK D2-167 ) and NHT49 (P yocH -bgaB walK D2-205 ) strains were grown in LB medium at 30 C to an OD 600 of 0.2, then the temperature was increased to 49 C at time 0. Cells were then grown for various times as indicated before collection of aliquots of each fraction for assays. White bars: BgaB activity of grown cells before heat shock; black bars: at 49 C for 1.5 h. Each value is the same ±SD of three determinations. (d) Expression level of lytE in walK-truncated mutants. NHT9 (P lytE -bgaBDwalHI), NHT46 (P lytE -bgaB walK D2-34 ), NHT48 (P lytE -bgaB walK D2-167 ) and NHT50 (P lytE -bgaB walK D2-205 ) strains were used for the BgaB assay. The subsequent experiment was performed as described in Fig. 1(a temperature sensitivity of DwalH mutants. It was reported that IseA and PdaC are negative regulators of autolysin, and are repressed by WalRK [9, 10] , consistent with our results from qPCR analysis (Fig. S3) . Thus, we investigated the effect of artificial expression of iseA and pdaC on the morphological defect observed in the DwalHI mutant. As shown in Fig. 4(a) , overexpression of iseA or pdaC rescued the morphological defect in the DwalHI mutant at 49 C, as well as the growth defect (Fig. 4b) and the viability on the plate (Fig. 4c) . These results prompted us to examine the role of IseA and PdaC in the regulation of LytE activity. As shown in Fig. 5(a) , overexpression of lytE did not affect viability in either of the single deletion mutants, but was lethal in the DiseA DpdaC double mutant at 37 C. In liquid culture, the double mutant stopped growing within 1 h in the presence of IPTG (Fig. 5b) . After longer incubation, the cells began to lyse (Fig. 5b) , resulting in the conversion of the cell morphology from rods to spheres (Fig. 5c) . These results indicate that PdaC and IseA play redundant roles in regulating LytE activity.
The partial bypass of walRK essentiality As shown previously [10, 18] , we re-confirmed the synthetic lethality of cwlO lytE using our constructed strain (Fig. S10a-d) . D, L-endopeptidase depletion resulted in chains of cells, some of which remained as a rod-shaped membrane but lost cytosolic contents (ghost cells, compared in the dot-lined square) and resembled the phenotype resulting from WalR inactivation (Fig. S8b) . While it was apparent that D, L-endopeptidase expression contributes to the essentiality of WalRK, the deletion of the walRK genes from a strain constitutively expressing cwlO or lytE was unsuccessful, consistent with a previous study [10] . Therefore, we hypothesized that the inactivation of WalRK results in the reduction of D, L-endopeptidase expression (CwlO and LytE) and the overexpression of inhibitors (PdaC and IseA), leading to the inactivation of ectopically expressed D, L-endopeptidase. Thus, we attempted to delete the walRK genes from a strain constitutively expressing cwlO or lytE combined with the DiseA and DpdaC mutations. As shown in Fig. 6(a) , we successfully obtained the walRK deletion strain, confirmed by PCR with primers flanking the deletion. In the constitutive lytE expression scenario, walRK deletion required either the DiseA or the DpdaC mutation (Fig. 6a) . However, in the constitutive cwlO expression scenario, walRK deletion required both DiseA and DpdaC mutations (Fig. 6a) . In each genetic scenario, the inactivation of the WalRK WalHI system was ultimately successful (Fig. 6a) . In the absence of IPTG, transformants with PCR ligated DwalRKHI fragments yielded no transformants, whereas transformation in the presence of IPTG produced >100 transformants. We also confirmed that these strains were null for WalK and WalR proteins (Fig. 6b) . Each resultant strain was able to grow in an IPTG-dependent manner at the permitted temperature (Fig. 6c) . Microscopic examination of each strain cultivated for 1 h in the absence of IPTG (T1) revealed the presence of ghost cells (Fig. 6c , compared in the dot-lined square). However, the cell morphology and permitted growth temperature of each strain differed in the Fig. 4 . Effect of iseA and pdaC overexpression on the phenotype of the DwalHI mutant. (a) Morphological phenotype of indicated strains. NHT56 (P hy-spank -iseA DwalHI) and NHT61 (P hy-spank -pdaC DwalHI) strains were grown in LB medium with or without 1 mM IPTG at 30 C for 2.5 h, then the temperature was increased to 49 C at time 0. For observation, each cell was collected for analysis at 0 (T0), 2 h (T2) and 4 h (T4) after the temperature was increased to 49 C. Membranes were stained with FM4-64. Scale bars indicate 5 µm. Arrowheads indicate swelled morphology. (b) Growth curves of NHT56 (left) and NHT61 (right) mutants grown under the conditions described in Fig. 4(a) . (c) Colony viabilities of NHT53 (P hy-spank -iseA), NHT56, NHT60 (P hy-spank -pdaC) and NHT61 strains. Each cell was grown to the mid-log phase at 30 C and serially diluted (10-fold steps). Then, 10 µl of each dilution was spotted onto LB plates with or without IPTG. Plates were incubated for 18 h at 30 C or at 49 C and photographed.
presence of IPTG. A combination of constitutive lytE expression and DiseA DwalRKHI mutation (NHT69) exhibited a slower doubling time (31.7±2.2 min) than the wild-type (19.6 ±0.3 min) in LB at 37 C (Fig. 6b) . This strain could grow up to 49 C (Table 1) . During the logarithmic growth phase (T0 and T1) at 37 C, the cell bending phenotype was observed (Fig. 6b) . At the end of the logarithmic growth phase (approximate OD=1), this mutant stopped growing and began to lyse. Microscopy revealed the conversion of the cells from rods to spheres (Fig. 6b) . We obtained the same results with the overexpression of lytE in the DiseA mutant (Fig.  S11c, d ). This phenotype was not observed in the wild-type (Fig. S11a, b) . A combination of constitutive lytE expression with DpdaC DwalRKHI mutation (NHT71) exhibited more severe growth defects (doubling time of 45.8±4 min) in LB at 37 C (Fig. 6b) . This mutant exhibited temperature sensitivity at 49 C (Table 1) . During the log phase (T0 and T1) at 37 C, the cell bending phenotype was also observed (Fig. 6b) . In the stationary phase, growth repression and lysis were not observed, but the cells were partially spherical (Fig. 6b) . We DpdaC), NHT55 (P hy-spank -lytE DiseA) and NHT101 (P hy-spank -lytE DpdaC DiseA) strains. Each cell was grown to the mid-log phase at 30 C and serially diluted (10-fold steps). Then, 10 µl of each dilution was spotted onto LB plates with or without IPTG. The plates were incubated for 18 h at 37 C and photographed. (b) Growth curve of strain NHT101. Cells were grown to an OD of approximately 0.5 in LB medium at 37 C, harvested and suspended in LB medium with or without 1 mM IPTG to an OD 600 of 0.1 at time 0. Growth was monitored by OD 600 measurement. (c) Morphological phenotype of strain NHT101. Cells were grown under the conditions described in Fig. 5(b) . For observation, each cell was collected for analysis at 0 h (T0), 1 h (T1), 2 h (T2) and 3 h (T3) after re-inoculation. Membranes were stained with FM4-64. Scale bars indicate 2.5 µm. Arrowheads indicate swelled morphology.
observed the same morphological defect in the DpdaC mutant combined with the overexpression of lytE (Fig. S11e, f) . However, overexpression of LytE did not affect the doubling time in the wild-type (18.8±0.7 min), DiseA mutant (20.8±0.7 min) or DpdaC mutant (20.2±2.6 min), indicating that the observed growth defects in each resultant strain were derived from the loss of the WalRK/WalHI system. A combination of constitutive cwlO expression with DiseA DpdaC DwalRKHI mutation (NHT186) exhibited a slower doubling time (48.7±6.4 min) than the wild-type (37.9±1.3 min) in LB at 30 C. Moreover, this mutant was unable to grow at temperatures above 37 C (Table 1) . At 30 C, the morphological cell defect was not observed (Fig. 6b) .
We next examined the effect of heat stress in each resultant strain (NHT69, NHT71 and NHT186). The NHT69 strain was able to grow after increasing the temperature to 49 C (Fig. 7) . The cell morphology did not change before or after the increase of temperature to 49 C (Fig. 7) . However, 1 h after increasing the temperature to 49 C, the NHT71 and NHT186 strains exhibited growth defects and ghost cell phenotypes (Fig. 7, compared in the dotlined square) . These results indicate that these two types of genetic bypass mutants (NHT71 and NHT186) were unable to support the D, L-endopeptidase activity required for growth under heat stress conditions. Moreover, each walRKHI bypassed mutant was only capable of growing under restrictive The calculated DNA size of each PCR product was 6.37 kbp for the wild-type 168 (wt168) and 5.03 kbp for DwalRK in strains NHT57 (P hy-spank -lytE DiseA DwalRK), NHT59 (P hy-spank -lytE DpdaC DwalRK) and NHT184 (P hy-spank -cwlO DiseA DpdaC DwalRK); 3.67 kbp for DwalRKH in strains NHT68 (P hy-spank -lytE DiseA DwalRKH), NHT70 (P hy-spank -lytE DpdaC DwalRKH) and NHT185 (P hy-spank -cwlO DiseA DpdaC DwalRKH); and 2.81 kbp for DwalRKHI in strains NHT69 (P hy-spank -lytE DiseA DwalRKHI), NHT71 (P hy-spank -lytE DpdaC DwalRKHI) and NHT186 (P hy-spankcwlO DiseA DpdaC DwalRKHI). (b) Immunoblot analysis of WalK and WalR in walRKHI-bypassed mutants. Wild-type, NHT69, NHT71 and NHT186 strains were grown at 30 C in LB medium with 1 mM IPTG in LB medium to an OD 600 of 0.5 and collected for analysis. WalK protein was detected using anti-WalK and anti-WalR antibodies. The cellular amount of SigA as a control for loading was also analysed with anti-SigA antibodies. (c) Effect of lytE and cwlO depletion on cell growth in indicated strains. Strains NHT69, NHT71 and NHT186 were grown to an OD of approximately 0.5 in LB medium with 1 mM IPTG at 37 C (strains NHT69 and NHT71), or 30 C (strain NHT186), harvested and suspended in LB medium with or without 1 mM IPTG to an OD 600 of 0.05 at time 0. Phase contrast and membrane staining images (FM4-64) were taken at the indicated times during the growth curves. Phase contrast images are framed by white lines. Scale bars indicate 2.5 µm. Arrowheads indicate the swollen morphology. *+, growth; -, no growth after incubation for 24 h at the indicated temperature. Fig. 7 . Effect of heat stress on walRKHI bypassed mutants. NHT69 (P hy-spank -lytE DiseA DwalRKHI), NHT71 (P hy-spank -lytE DpdaC DwalRKHI) and NHT186 (P hy-spank -cwlO DiseA DpdaC DwalRKHI) strains were grown to an OD of approximately 0.5 in LB medium with 1 mM IPTG at 30 C (strain NHT186). The cells were harvested, suspended in LB medium with 1 mM IPTG to an OD 600 of 0.05, and grown to an OD 600 of 0.2. The temperature was increased to 49 C at time 0. For observation, each cell was collected for analysis at 0 h (T0) and 1 h (T1) after the temperature had been increased to 49 C. Membranes were stained with FM4-64. Phase contrast images are framed by white lines. Scale bars indicate 2.5 µm. Asterisks indicate ghost cells.
Takada
conditions, indicating that the essentiality of WalRK was not fully bypassed in these mutants.
DISCUSSION
Modulation of walk activity by WalHI to maintain cell wall homeostasis In the present study, we provided evidence that during heat stress WalHI, a negative regulator of WalK, plays a crucial role in regulating WalK kinase activity. Our results indicate that WalK kinase activity is activated by heat stress (Fig. 1e,  f) . This results in the heat induction of the WalRK regulons yocH, cwlO and lytE (Fig. 1a) . The absence of WalHI results in a marked increase in the heat induction of yocH and cwlO (Fig. 1a) . The DwalHI mutant exhibited a defect in cell morphology and cell lysis during heat stress (Fig. 1d) , indicating that the regulation of WalK kinase activity by WalHI is required for proper cell wall synthesis during heat stress. Genetic analysis revealed that the inactivation of LytE by overexpression of its inhibitors PdaC and IseA (Fig. 4a) , or gene disruption of lytE or sigI (a transcriptional factor of lytE) (Fig. S4a, b) , suppressed the phenotype of the DwalHI mutant during heat stress. The heat induction of lytE expression in the DwalHI mutant did not increase compared with that in the wild-type (Fig. 1a) , indicating that the upregulation of LytE activity contributed to the lethality of the DwalHI mutation. However, CwlO activity was not involved in the lethality of the DwalHI mutant, whereas the heat induction of P cwlObgaB expression increased markedly (Fig. 1a) , which was consistent with a previous report that increasing the cellassociated CwlO activity has little phenotypic consequence [31] . Whereas LytE has a LysM domain and binds to PG by itself, CwlO has no such domain. Instead, CwlO is enzymatically active only when the FtsEX ATP-like transporter is active [29, 30] . Such limited control of CwlO enzyme activity also ensures that when released from the cell, the protein is inactive and unable to hydrolyse the cell wall. This could explain why overexpression of cwlO did not result in cell lysis and did not contribute to the lethality of the DwalHI mutant.
It has been postulated that WalRK activation leads to the continued synthesis of the autolysins that are required for cell wall remodelling and cell elongation (LytE, CwlO), while simultaneously shutting down production of IseA and PdaC, which inhibit and modulate LytE and CwlO activity [6] . Therefore, the absence of WalHI during heat stress might induce the acceleration of WalK activation, resulting in an imbalance between PG hydrolysis and synthesis. This scenario, combined with the coordinated heat induction of lytE expression by SigI, could be lethal. Left unchecked, LytE could degrade the cell wall, leading to its rupture and eventually to bulging cell morphology and cell lysis (Fig. 1c,  e) . Consistent with this idea, constitutive lytE expression in the DiseA DpdaC double mutant is lethal (Fig. 5a ).
Postulated effect of PdaC and IseA on LytE activity
It has been reported that IseA inhibits LytE activity [32] . Structure-based analysis revealed that IseA might directly bind D, L-endopeptidase and occlude its active site to inhibit its catalytic activity [33] . Therefore, we conclude that direct inhibition of LytE activity by IseA contributes to the suppression effect in the DwalHI mutant.
However, PdaC is a polysaccharide deacetylase [34] . As a substrate, this enzyme deacetylates both N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc). LytE has three tandem repeat regions (LysM repeats), which are reported to be a general PG-binding module [35, 36] . Recently, Mesnage et al. identified a complex network of hydrogen bonds between the main chain of the LysM modules and the acetyl groups of GlcNAc residues [37] . This indicates that its deacetylation abolishes the binding of the LysM domain-containing proteins, such as some autolysins and PG hydrolases, and may thereby modulate their activity. From this perspective, we conclude that overexpression of pdaC might reduce the affinity of LytE to polysaccharides.
Failsafe mechanism by which WalHI regulates WalK activity While two C-terminal extracytoplasmic domains of WalH and WalI share a similar fold, the question remains as to the function of these domains. It has been postulated that the transmembrane domains of WalK, WalH and WalI are present in the membrane as a complex that connects the extracytoplasmic signalling domains to the cytoplasmic HAMP domain and kinase activation [17] . During normal growing conditions (37 C) , however, the extracytoplasmic domain of WalH and WalI might not be required to modulate the activity of the WalK kinase [17] . Likewise, these requirement during heat stress remain unconfirmed. In S. aureus, the extracytoplasmic PAS of WalK forms a dimer that is disrupted by WalH and WalI [38] . In B. subtilis, the action of WalH and WalI on WalK probably occur at the transmembrane helices, in which an octameric complex is formed by a WalK homodimer flanked by a WalH-WalI heterodimer [17] . Furthermore, the extracytoplasmic region of WalI appears to be a dimer with a putative ligand-binding site at its interface [39] , although it is not known whether WalH also forms a homodimer. One possibility is that the dimerization of WalI in the extracytoplasmic domain inhibits the formation of a WalHWalI heterodimer in the membrane, thereby affecting the modulation of WalK activity.
Many histidine kinases in bacteria are bifunctional and, by switching to a phosphatase of their cognate phosphorylated response regulator, can effectively reverse the flux within phosphorylation cascades [40] . The WalK of Bacillus anthracis is bifunctional, and has kinase and phosphatase activity [41] . The WalK of Streptococcus pneumoniae also has phosphatase activity, suggesting that its phosphatase system plays an important role in resetting the system to the unphosphorylated WalR 'off' state [42] . However, phosphatase activity was not demonstrated directly, although bioinformatic analysis predicted this activity for WalK in B. subtilis [43] . Therefore, we should take into consideration the possibility that a WalHI heterodimer acts on the switching bifunctional activity of WalK.
WalH and WalI somehow sense unknown clue(s) that indicate a balance between PG synthesis and hydrolysis, and then interact with the WalK protein to modulate its activity. This serves as a failsafe mechanism to ensure that PG synthesis precedes the expected burst of PG hydrolysis, accompanied by control of D, L-endopeptidase expression/activity.
Multiple signals sensed by WalK itself and the SigI/RsgI system Our data showed that WalK might respond to an increase in temperature and activate its kinase. Mutation in the extracytoplasmic PAS domain of WalK resulted in decreasing heat induction of the WalRK regulon (Fig. 2b, d) . Furthermore, the morphological defect of the walk D2-34 mutant lacking the 1st transmembrane domain was more severe than that of the walk D2-167 mutant lacking the 1st transmembrane and extracytoplasmic PAS domains (Fig. S4c) . These results indicate that the extracytoplasmic PAS domain positively contributes to the activation of WalK kinase activity. However, the truncated walK mutant lacking the extracytoplasmic PAS domain (possessing the intracellular PAS domain) still exhibited heat induction of the WalRK regulon (Fig. 3a, e) . These results suggest that two PAS domains cooperatively respond to a temperature increase. While the nature of the signal(s) sensed by WalK remain unclear, it is not likely that WalK directly senses an increase in temperature. The survey of transcriptome studies when WalR was inactivated or when the cells were treated with different cell wall active antibiotics revealed that WalKR activity appears to decrease when the cells are treated with antibiotics (fosfomycin and bacitracin) that target the early stages of peptidoglycan precursor synthesis, whereas WalKR activity is increased by antibiotics (b-lactams) targeting the late stages of peptidoglycan synthesis [6] . These results indicate the important role of the PAS domains of WalK, and the possibility that these domains directly or indirectly detect the levels of available Lipid II precursor.
It appears that B. subtilis cells drastically change their cell wall content to adapt to high temperatures [44] . Moreover, a reduction in the amount of teichoic acid (WTA) and lipoteichoic acid (LTA) on the cell surface results in the induction of LytE expression. We demonstrated that the heat induction of lytE expression was dependent on the activation of both WalRK and SigI (Figs S6a and S8a). Heat-activated SigI can stimulate the expression of sigI itself [45] . WalR can directly and positively regulate sigI transcription during heat stress [27] . A recent report shows that multiple proteases are involved in the modulation of the heatinduced activation of SigI [46] . However, the mechanism by which SigI is activated remains unclear.
At high temperatures, cell wall synthesis is rapid and extensive, and provides materials for cell growth and turnover. Therefore, the WalRK/WalHI and SigI/RsgI systems sense multiple signal(s), including Lipid II precursor, WTA and LTA, and cooperatively modulate cell wall homeostasis to adapt to environmental changes by regulating the expression of D, L-endopeptidases and its modulators.
WalRK/WalHI system essentiality Although cwlO and lytE possibly contribute to the essentiality of WalRK, it remains to be determined if they constitute the sole cause [10] . Misregulation of a number of genes encoding autolysins and autolysin-regulating proteins leads to an imbalance in cell wall synthesis and turnover, indicating that the essential nature of the system is likely to be polygenic, as described above. Our genetic analysis also provided an opportunity to reconsider the nature of WalRK essentiality. We successfully constructed a walRKHI deletion mutant by combining constitutive D, L-endopeptidase (either cwlO or LytE) expression with the inactivation of its inhibitor (either iseA or pdaC or both), where the expression is repressed by WalRK during growth. These results are consistent with a previous report that the depletion of WalRK simultaneously leads to both the repression of D, L-endopeptidase expression and the expression of the inhibitors [10] , prompting the idea that the ectopic expression of D, L-endopeptidase cannot rescue the growth of the walRKHI deletion mutant. In walRKHI-bypassed mutants, the depletion of D, L-endopeptidase resulted in a phenotype resembling that of WalR inactivation. These results indicate that the essentiality of the WalRK/WalHI system is to maintain cell wall integrity by controlling D, L-endopeptidase activity. In agreement with our results, WalKR essentiality in S. pneumoniae and S. aureus appears to be linked to the regulation of a gene involved in cell wall hydrolysis [21, 22] . However, walRKHI-bypassed mutants in B. subtilis appear not to complement fully the function of the WalRK/WalHI system, as mentioned later.
In the constitutive lytE expression scenario, DiseA or DpdaC was required for walRKHI deletion, indicating that either inactivation is necessary for LytE to perform its activity. This result is consistent with the fact that LytE activity is negatively regulated by IseA and PdaC (Fig. 5a-c) . Moreover, the constitutive expression of lytE in the bypassed walRKHI scenario led to morphological defects (Fig. 6b ) and temperature sensitivity (Fig. 7) due to the uncontrollable expression of lytE and its inhibitor (PdaC or IseA) by the WalRK/WalHI system. The difference in phenotype between the DiseA and DpdaC mutations might be derived from each inhibition effect on LytE. Stationary specific cell lysis was observed in the DiseA mutation scenario (NHT69), whereas this strain was able to grow at high temperatures (49 C) . A morphological defect in the log phase and stationary specific cell lysis were also observed when lytE was overexpressed in the DiseA mutant (Fig. S11b) , suggesting that IseA is a key factor in the regulation of LytE activity. In the DpdaC mutation scenario (NHT71), however, the growth defect was more severe than in the DiseA mutation scenario (Fig. 6b) , and temperature sensitivity was observed at 49 C (Fig. 7) , whereas stationary specific cell lysis was not observed (Fig. 6b) . These results suggest that the inhibition effect of IseA on LytE is stronger than that of PdaC. The ghost cell phenotype of strain NHT71 at 49 C resembled that in the D, L-endopeptidase depletion strain (Fig.  S10b, d ), indicating that LytE activity did not support cell growth in this condition, probably owing to the inhibition effect by IseA. Moreover, this result indicates that the requirement of LytE activity might fluctuate depending on the growing temperature to maintain the balance between PG synthesis and hydrolysis.
However, in the constitutive cwlO expression scenario, both
DiseA and DpdaC mutations were required for walRKHI deletion. At the permissive temperature (30 C), these mutants did not exhibit the morphological defects observed in the constitutive lytE expression scenario (Fig. 6b) . Moreover, a Triton X-100-induced autolysis assay revealed that this NHT186 strain exhibited lesser autolysis activity compared to other walRKHI-bypassed strains (NHT69 and 71) and the wild-type (Fig. S12 ). This result is consistent with the fact that CwlO activity is limited in multiple ways. Interestingly, the constitutive expression of cwlO did not support growth at 37 C. In the presence of the WalRK WalHI system, the DlytE mutant, in which CwlO is the only D, L-endopeptidase, was able to grow normally up to 49 C (Fig. S2) . Therefore, an unknown factor under the control of WalRK might play an important role in the regulation of CwlO activity. As mentioned above, CwlO activation is required for ATP hydrolysis by FtsEX. However, a direct interaction between CwlO and FtsEX could not be detected, suggesting that this interaction might be weak and augmented by another membrane-associated partner [29] . Furthermore, Mbl, the homologue of the MreB cytoskeleton, is required for CwlO activity [30] . Why DiseA and DpdaC mutation is necessary to obtain the walRKHI deletion in the constitutive cwlO expression scenario remains unclear. While IseA can directly inhibit the activity of CwlO [32] , PdaC might not act directly. The deacetylation of peptidoglycan probably affects the function of FtsEX, Mbl or unknown factor(s) as mentioned above, thereby indirectly inhibiting CwlO activity. In addition, another untested possibility is a more global effect on the activity of other D, L-endopeptidases besides LytE and CwlO, (CwlS, LytF and others), since PdaC modifies PG, making it less susceptible to hydrolysis. Either way, we suggest that precise and multiple control of D, L-endopeptidase, LytE and CwlO expression and activity by the WalRK/WalHI and SigI/RsgI systems is essential for supporting cell growth while preventing lysis to maintain cell wall homeostasis.
The essential nature of the WalKR/WalHI system has made it a highly attractive target for novel antimicrobial compounds [47] [48] [49] . Recent results indicate that this TCS is specifically activated in S. aureus during nasal colonization [50, 51] . Moreover, the mutation of walRK was most frequently carried by vancomycin-intermediate S. aureus [52] . Therefore, further investigation is needed to clarify the activation mechanism of the WalRK/WalHI system and its polygenic essentiality. This knowledge could point to therapeutic targets that provide a means of controlling bacterial infections.
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